systems that reflect the conformational change, e.g., the folding or unfolding, of their molecular components on the resultant intermolecular association and supramolecular assembly, synthetic self-assembling systems based on designed molecules have mainly focused on stably folded oligomers, i.e., foldamers, 5 or on adjusting the specificity and strength of intermolecular association. 6, 7 Few examples that show altered supramolecular outcomes due to conformational change of molecular components are known.
As part of our long-term interest in developing foldamers and in controlling intermolecular association, 8, 9 we previously reported results from a study on H-bond-mediated association of a series of bifunctional molecular building blocks. 10 Compound 1, consisting of two unsymmetrical 4-H-bonded units 11, 12 covalently linked in a head-to-head fashion, represents one such design of this series. If adopting an extended conformation, a molecule of 1 could only partially overlap with another one via four intermolecular H-bonds, and would thus lead to linear H-bonded polymers. In our previous study, 10 examining the assembly of 1 and that of another analogous pair of oligoamide strands having different 4-H-bonded units revealed a surprising outcome. Instead of forming extended polymeric aggregates, compound 1 and its analogs formed H-bonded dimers, which we dubbed ''duplex foldamers'', in which the component oligoamide strands folded into a conformation that ( Fig. 1 ) led to the formation highly stable 8-H-bonded dimers. The presence of highly stable dimers of 1 and its analogs were shown by the presence of well-resolved and sharp 1 H NMR signals, extensive cross-strand NOEs, and also by results from mass spectrometry and vapor-pressure osmometry. (5 mM) , consistent with the constraining of the trimethylene linker due to the folding of 1. In DMSO-d 6 that completely interrupts the intermolecular H-bonding of 1, the signals of L1 and L2 merged into one peak at 2.36 ppm, which indicated an open-chain conformation in which the trimethylene linker becomes more flexible. These observations suggested that the folding and dimerization of 1 were closely coupled. Thus, instead of undergoing the initially expected polymerization, oligoamide 1 was found to adopt a folded conformation that favors the formation of a highly stable, discrete dimer. Such a folded H-bonded dimer previously uncovered by us integrates the folding and dimerization of the molecular components, which provides a molecular and supramolecular structural motif that may lead to many possibilities such as the development of highly stable H-bonded association units. In addition, the dimer of folded 1 is in fact a supramolecular macrocycle that could undergo ring-opening, leading to H-bond-mediated polymerization under conditions such as high concentration where linear polymeric chains become dominant. Unfortunately, probing the ring-chain equilibrium of 1 has been hampered by the limited solubility of this compound in chloroform and other solvents that promote H-bonding.
In this study, the side chains (i.e., R 1 and R 2 groups) and R 0 end groups of 1 were modified, leading to oligoamide strands 2, 3 and 4 ( Fig. 1 ) that were found to have drastically enhanced solubilities in chloroform and other solvents, which allowed their concentration-dependent behavior to be examined. We report herein the surprising effects of remote structural tuning on the folding and unfolding, and the shift of ring-chain equilibrium of these derivatives of 1. Compound 2, which differs from 1 in its R 1 and R 2 side chains,
H NMR signals that remain sharp and well-resolved over a wide range of concentrations (from 0.03 mM to 122 mM) in CDCl 3 , suggesting that 2 remains folded and exists as dimers (Fig. S1 , ESI †). The dimerization of 2 is further supported by 2D NOESY which revealed numerous cross-strand NOEs (Fig. S9, ESI †) . That the two signals of protons L1 and L2 at 2.46 ppm and 2.72 ppm remain unchanged at concentrations up to 122 mM confirms the high stability of the dimer of folded 2 (Fig. 2a) . The lack of open-chain conformation and thus higher aggregates suggest that 2, similar to 1, must have a high critical concentration below which only the H-bonded dimers consisting of folded molecules exist. Therefore, changing side chains R 1 and R 2 of 1 did not have any detectable effect on the ring-chain equilibrium of the resultant 2 within the concentration range examined. Replacing one of the two H atoms of each of the terminal primary amide groups of 2 with a methyl group leads to 3. The 1 H NMR spectra of 3 recorded at concentrations from 0.3 mM to 45 mM in CDCl 3 reveal a trend that is very different from what observed for 2. The signals of protons L1 and L2 undergo noticeable change with increasing concentration of 3 (Fig. 2b) . Appearing at 2.48 and 2.93 ppm at low (o1 mM) concentrations, the two separate signals of protons L1 and L2 of 3 start to merge into a new peak at 2.72 ppm at 1 mM and higher concentrations, which is accompanied by the appearance of new broad peaks in the region (from 6 to 11 ppm) corresponding to the signals of amide and aromatic protons (Fig. S3 , ESI †). Thus, in comparison to the high critical concentration of 2, that of 3 seems to have been lowered considerably, which allows folded dimeric and open-chain conformations to co-exist in the concentration range of the 1 H NMR experiments. That replacing two terminal amide H atoms of 2 with methyl groups led to the observed conformational change and thus the shift of ring-chain equilibrium for 3 is surprising. Previously, similar tuning on the ring-chain shift of bifunctional H-bonding molecules was achieved by imposing conformational bias on the linker moieties connecting adopted H-bonding units.
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To further probe the effect of end (R 0 ) groups on ring-chain equilibrium, compound 4, which shares the same R 1 and R 2 side chains with 1 but has n-hexyl groups attached to its two termini, was prepared. Being very soluble in CDCl 3 , the concentrationdependent 1 H NMR spectra of 4 in CDCl 3 reveal that even at 0.5 mM, protons L1 and L2 give the merged signal at 2.67 ppm, and the separate signals at 2.45 and 2.94 ppm (Fig. 2c) , which indicates the simultaneous presence of the extended and folded conformations. With increasing concentration, the intensity of the merged signal at 2.67 ppm also increases, which becomes dominant at 10 mM and higher concentrations. Increasing the concentration of 4 is also accompanied by the appearance of new broad peaks in the region corresponding to the signals of amide and aromatic protons (Fig. S3 , ESI †).
In the 1 H NMR spectra of 3 and 4, the merging of the otherwise split signals of L1 and L2, along with the appearance of additional Fig. 1 Oligoamide 1 was previously found to adopt a folded conformation which leads to an 8-H-bonded, folded dimer. In this study, compounds 2, 3, and 4, derived from 1 by modifying side chain R 1 and R 2 and end groups R 0 , showed greatly enhance solubilities which allowed the concentrationdependent folding-unfolding and the corresponding assembly of these molecules to be probed. 
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View Article Online broadened signals at high concentrations, indicates the unfolding and further aggregation of these molecules, i.e., the folded dimers undergo ring-opening, shifting the dimer-chain equilibrium of either compound from dimers to oligomers and polymers as concentration increases. Compounds 2, 3, and 4, with their different propensities for adopting the folded conformation that promotes dimerization, and open-chain conformation that results in oligomerization or polymerization, were further probed with ion-mobility spectrometrymass spectrometry (IMS-MS). Species ranging from monomers to decamers were monitored for all three compounds under the condition of the IMS-MS experiments, which revealed different distributions of the measured species (Fig. S4, S5 and Table S1 , ESI †). Consistent with the conclusion based on results from 1 H NMR, the dimer of compound 2 was found to be the most abundant (425%) species among other oligomers, while pentamer and trimer were detected as the major oligomers for 3 and 4, respectively. Thus, compounds 3 and 4, with their end methyl and hexyl groups, indeed have stronger preferences for forming oligomers higher than dimers.
The concentration-dependent shift of the dimer-chain equilibrium of 4 toward higher aggregates was also demonstrated by diffusion-ordered NMR spectroscopy (DOSY). In CDCl 3 at 25 1C, the apparent translational diffusion coefficient (D 4 ) of 4 decreased considerably as concentrations increased from 25 mM to 141 mM (Table S2 and Consistent with its concentration-dependent shift of dimerchain equilibrium, in CHCl 3 , compound 4 showed high viscosities at high concentrations, and low viscosities at low concentrations. Plotting the specific viscosity (Z sp ) vs. concentration ( Fig. 3a) reveals that, at low concentrations, the viscosity-concentration plot has a slope of 0.0072 AE 0.0004 cP mM À1 and, above 42 mM, the plot curves upward to a much larger slope of 0.0306 AE 0.0027 cP mM
À1
. These results indicate that the aggregation of 4 involves two stages, which, in combination with 1 H NMR data, can be attributed to the dominance of dimeric species at low concentrations, and the prevalence of polymeric aggregates at high concentrations. Compound 3 was found to exhibit similar concentrationdependent, two-stage change in viscosities (Fig. S7 , ESI †). The viscosity is low at concentrations below 63 mM, above which a much more rapid increase in viscosity is evident as shown by the change of slope in the viscosity-concentration plot.
In contrast to 3 and 4, compound 2, which remains dimeric at up to 122 mM based on 1 H NMR, displays a linear correlation of viscosity and concentration (Fig. 3b) . This further demonstrates that compound 2 remains dimerized and does not engage in concentration-dependent change of its folded conformation. Given that the end hexyl groups of 4 are more effective in shifting the dimer-chain equilibrium than the methyl groups of 3, while the primary amide groups of 2 exert no influence, the effects of the end alkyl groups seem to be due to steric interaction between the introduced end groups with the trimethylene linkers of these molecules. The dimers of 2, 3, and 4 optimized at the level of B3LYP/6-31G(d) are consistent with the role of steric interaction, with the dimer of 2 being the most compact and those of 3 and 4 becoming more twisted (Fig. 4) . Out of the eight intermolecular hydrogen bonds of each dimer, the number of those with HÁ Á ÁO bond lengths longer than 2 Å changed from 0, 2, and 3, and those with N-HÁ Á ÁO bond angles smaller than 1701 changed from 0, 5, and 6, for compounds 2, 3, and 4, respectively, indicating that the intermolecular H-bonds are weakened as the end groups become increasingly bulky (Fig. S8, ESI †) .
In summary, compound 1, which was found to adopt a folded conformation and form a very stable H-bonded dimer, was structurally modified to give compounds 2, 3, and 4 with drastically increased solubilities in chloroform. Compound 2 behaves similarly with 1 and remains dimeric in a wide range of concentrations, which demonstrates that changing R 1 and R 2 side chains does not alter the dimerization of these molecules to any noticeable extent. In contrast, modifying the end primary amide groups of 1 led to a surprising shift in the dimer-chain equilibrium of the resultant 3 or 4. Further study based on this discovery should establish a new strategy for controlling the ring-chain equilibria of bi-functional H-bonding molecules. 
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This work was supported by the US National Science Foundation (CHE-1306326 and CBET-1512164) , and the National Natural Science Foundation of China (NSFC-91227109). The mass spectrometric measurements were supported by grants from the NIGMS (P41 GM103493) and NIEHS (R01ES022190). This work was performed in the Environmental Molecular Science Laboratory, a DOE/BER national scientific user facility at Pacific Northwest National Laboratory (PNNL). PNNL is operated for the DOE by Battelle under contract no. DE-AC05-76RLO-1830. 86, 167.59, 165.75, 164.60, 153.19, 153.01, 133.72, 133.05, 123.87, 123.75, 122.89, 122.79, 122.32, 122.07, 114.23, 114.19, 70.38, 70.23, 69.97, 69.32, 69.17, 69.14, 69.07, 69.02, 68.83, 43.75, 38.49, 38.45, 35.84, 24.93, 22.20, 21.46 29, 162.20, 141.89, 128.68, 127.26, 124.67, 115.49, 71.04, 70.68, 70.28, 69.82, 69.33, 39.12, 27.45, 25.63, 23.50 Compound 3b: The product was prepared following the procedure reported previously. 19, 165.06, 163.17, 161.91, 152.69, 141.28, 132.92, 128.55, 126.98, 123.59, 123.10, 122.92, 122.19, 115.04, 114.92, 70.34, 70.12, 70.01, 69.88, 69.15, 69.08, 68.96, 68.71, 43.87, 38.47, 38.42, 26.65, 24.98, 22.91, 22.87. ESI MS: calculated 705.8, found 705.4 (M+H) + .
Notes and references
S1
Compound 3: The product was prepared following the procedure reported previously. 2 The crude product was purified using flash column chromatography to yield a pale powder (0.11g, 62%). 32, 170.74, 167.47, 165.06, 164.37, 156.55, 152.64, 133.60, 133.02, 131.94, 129.47, 123.58, S6 123.05, 122.18, 114.87, 114.42, 70.34, 70.29, 70.00, 69.88, 69.31, 69.13, 69.04, 68.96, 51.68, 43.83, 38.43, 35.56, 33.08, 32.85, 26.63, 24.98, 22.88, 20.86, 16.99 160.85, 141.96, 128.33, 127.60, 123.24, 112.69, 71.85, 70.65, 70.60, 68.82, 58.99, 40.15, 31.53, 29.47, 26.75, 22.59, 14 .03. ESI MS: calculated 413.5, found 413.4 (M + Na) + .
Compound 4b: A solution of 4a (1.09 g, 2.84 mmol) in dichloromethane /methanol was shaken in the presence of Pd/C (10%) under a hydrogen atmosphere for 2 hours, and then catalyst was filtered. The filtrate was evaporated in vacuum, yielding the corresponding amine. To a solution of 2-(5-nitro-2-(octyloxy)benzamido)acetic acid 2 (1.0 g, 2.84 mmol), EDC (0.48 g, 3.09 mmol) and HOBt (0.42 g, 3.09 mmol) in CH 2 Cl 2 (45 mL) was added the CH 2 Cl 2 solution (5 mL) of freshly prepared amine. The reaction was allowed to proceed for 4 hours at room temperature.
The mixture was then washed with diluted HCl and solvent was removed in vacuum. Purification was accomplished by chromatography on silica gel using chloroform/methanol to afford 4b ( 4.23 -4.13 (m, 4H), 3.85 -3.71 (m, 2H), 3.64 -3.57 (m, 2H), 3.56 -3.44 (m, 4H), 3.42 -3.35 (m, 2H), 3.31 -3.22 (m, 2H), 3.20 (s, 3H), 1.96 -1.74 (m, 2H), 1.57 -1.12 (m, 18H), 0.95 -0.69 (m, 6H). 13 C NMR (75 MHz, DMSO-d 6 ) δ 167. 07, 164.35, 163.12, 161.99, 152.62, 140.95, 132.79, 128.48, 126.86, 123.47, 123.09, 122.86, 122.22, 114.48, 114.33, 71.69, 70.79, 70.27, S7 70.09, 69.09, 68.74, 58.48, 43.91, 39.55, 31.69, 31.49, 29.53, 29.20, 29.13, 28.69, 26.63, 26.03, 22.53, 14.36 . ESI MS: calculated 739.9, found 739.6 (M + Na) + .
Compound 1: A solution of 4b (0.12 g, 0.17 mmol) in dichloromethane /methanol was shaken in the presence of Pd/C (10%) under a hydrogen atmosphere for 2 hours, and catalyst was then filtered. The filtrate was evaporated in vacuum, yielding the corresponding amine. The amine and triethylamine (0.18 g, 1.8 mmol) were dissolved in dry dichloromethane (20 mL), followed by a solution of glutaryl dichloride (14.8 mg, 0.08 mmol) in dichloromethane (5 mL 08, 167.16, 164.82, 164.39, 153.26, 152.76, 151.17, 132.89, 124.48, 123.94, 123.00, 122.93, 122.80, 121.55, 113.77, 113.24, 71.82, 70.48, 69.87, 69.23, 68.70, 58.63, 48.70, 36.04, 31.66, 31.46, 29.51, 29.19, 29.06, 26.66, 26.13, 22.46, 14.03 . MS-MALDI: calculated 1491.9, found 1491.5 (M + Na) + . 298K) . One of the two signals of L1 and L2 overlaps with that of the end methyl groups, making it difficult to discern the merged peak (indicated) at ~2.7 ppm. Another observation is that the end methyl groups of the folded dimer give one signal, while an extra peak at 3.1 ppm becomes more and more prominent with increasing concentration, indicating the oligomers/polymers formation. Figure S3 . Concentration-dependent NMR spectra of compound 4 (500 MHz, CDCl 3 , 298 K). Backbone signals of aggregates higher than dimer are marked with "*". Those aggregates are clearly observed at the concentration as low as 1 mM. The line-broadening of oligomers is probably due to fast exchange among assembled structures. For dimer, protons L1 and L2 show two peaks at 2.9 and 2.5 ppm respectively. The signals of L1 and L2 merge into a new peak at 2.7 ppm. The intensity of this new peak increases with increasing concentration. 
S8
1 H and
IMS-MS Instrumental Analysis
Analysis of the samples of 2, 3 and 4 was performed using an in-house PNNL built IMS-MS instrument which has previously been described. 3 Briefly, this instrumental platform couples a 1-m IMS separation with an Agilent 6224 TOF MS upgraded to a 1.5 meter flight tube providing resolution of ~25,000. Sample solutions were directly injected into the instrument using a chemically etched fused-silica emitter (20 µm I.D./150 µm O.D., at a potential of 2.6 kV) 4 and transported through a heated capillary inlet (0.43 mm I.D. x 64 mm at 120 o C). 5 Once through the heated capillary, the ions were transmitted into the IMS drift cell via ion funnels. Following IMS separation, the ions were refocused using a rear ion funnel and transmitted into the TOF MS, which was set to collect data from 50-14300 m/z for each sample. The signal from the TOF detector was routed to 8-bit Analog-to-Digital converter (ADC) (AP240, Agilent Technologies, Switzerland) and processed using a custom control-software written in C#. Figure S5 . The relative abundance of the oligomeric aggregates of (a) 2, (b) 3 and (c) 4 with ammonium adducts. The numbers on the vertical axes are shown in percentage. 
Diffusion-Ordered Spectroscopy (DOSY)
Diffusion-ordered spectroscopy (DOSY) experiments were performed on a Varian Inova 500 MHz spectrometer under regulated temperature (298 K), with a 5 mm probe. The pulse sequence employed was a bipolar pulse pair simulated echo (BPPSTE). Additional parameters: gradient strength array has 15 increments from 3% to 66% of the maximum gradient strength in a linear ramp, diffusion gradient length is set to 2 ms, and diffusion delay is 100 ms. 
Viscosity Measurements
Viscosity measurements were carried out at ambient temperature (298K) on a Brookfield DV2+Pro Viscometer with a thermostat attached. The sample solutions in CHCl 3 were filtered through a 0.45 µm filter to remove dust and debris. The resulting solution was left to stand for 1 hour before measurements. 
